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During batch fermentation, the rate of ethanol production per milligram of cell protein is maximal for a brief
period early in this process and declines progressively as ethanol accumulates in the surrounding broth. Our
studies demonstrate that the removal of this accumulated ethanol does not immediately restore fermentative
activity, and they provide evidence that the decline in metabolic rate is due to physiological changes (including
possible ethanol damage) rather than to the presence of ethanol. Several potential causes for the decline in
fermentative activity have been investigated. Viability remained at or above 90%, internal pH remained near
neutrality, and the specific activities of the glycolytic and alcohologenic enzymes (measured in vitro) remained
high throughout batch fermentation. None of these factors appears to be causally related to the fall in
fermentative activity during batch fermentation.

Saccharomyces cerevisiae is used extensively in batch
fermentations to convert sugars to ethanol for the production
of beverages and biofuels. Despite the obvious importance
of this process, the physiological constraints which limit the
rate of glycolysis and ethanol production are not fully
understood (7, 15, 23). Identification of these constraints
represents an important step toward the development of
improved organisms and process conditions for more rapid
ethanol production. Such improvements could result in an
increase in the ethanol production capacity of existing
fermentation plants and a reduction in the cost of future
facilities.

S. cerevisiae is capable of very rapid rates of glycolysis
and ethanol production under optimal conditions, producing
over 50 mmol of ethanol per h per g of cell protein (11, 12).
However, this high rate is maintained for only a brief period
during batch fermentation and declines progressively as
ethanol accumulates in the surrounding broth (7, 15, 23).
Earlier studies have identified a requirement for lipids (2, 8,
26) or molecular oxygen for lipid biosynthesis (1, 4, 5) in
many fermentation broths as being essential for the mainte-
nance of high fermentative activity. Magnesium is an essen-
tial cofactor for many of the glycolytic enzymes and has also
been identified as a limiting nutrient in fermentation broth
containing peptone and yeast extract (11, 12). Supplying
these nutritional needs reduces but does not eliminate the
decline in fermentative activity during batch fermentation.
The basis for the decline in fermentation rate is not fully

understood. Since the addition of ethanol to cells in batch
cultures and in chemostats causes a dose-dependent inhibi-
tion of ethanol production (7, 11, 12), most investigations
have focused on ethanol as an inhibitor (7, 15, 22). Ethanol
is known to alter membrane permeability and disrupt mem-
brane function in a variety of biological systems (7, 15). In
yeasts, ethanol causes an increase in hydrogen ion flux
across the plasma membrane of cells suspended in water (6).
This increased hydrogen ion flux has been proposed as being
responsible for the ethanol-induced decline in transport rates
observed under similar conditions (2, 17-19).

* Corresponding author.

Evidence has been accumulating which indicates that the
presence of ethanol may not be the only factor responsible
for the decline in fermentative activity. The replacement of
fermentative broth containing ethanol with fresh medium
lacking ethanol did not immediately restore fermentative
activity (11). In a comprehensive study, Millar et al. (22)
demonstrated that concentrations of ethanol below 12%
(vol/vol) do not denature glycolytic enzymes or cause appre-
ciable inhibition of activity in vitro under substrate-
saturating conditions. Since ethanol does not accumulate
within yeast cells but rapidly diffuses across the cell mem-
brane (10, 13), direct inhibition of glycolytic enzymes by
intracellular ethanol is unlikely during fermentations which
produce 12% (vol/vol) ethanol or less.

In this paper, we have examined three physiological
factors (glycolytic and alcohologenic enzymes, internal pH,
and viability) as possible causes for the decline in fermenta-
tive activity during batch fermentation.

MATERIALS AND METHODS
Organism and growth condition. S. cerevisiae KD2 (petite

strain) was used in this study and was grown in complex
medium supplemented with 0.5 mM magnesium sulfate as
previously described (10, 12). Batch fermentations (initial
optical density at 550 nm of 0.035; 0.01 mg of cell protein per
ml) with 20% glucose were carried out in 300-ml Spinner
bottles at 30°C with a 1% inoculum from a 12-h culture.

Analyses of fermentation broth. Cell protein was deter-
mined by the method of Lowry et al. (20). Glucose, ethanol,
and cell mass were measured as described (12).

Respirometry measurements. The rate of glycolysis and
ethanol production was estimated by measuring carbon
dioxide evolution with a Gilson differential respirometer
(Gilson, Middleton, Wis.). This rate is taken as equivalent to
glycolytic flux, assuming the production of 2 mol of ethanol
and carbon dioxide per mol of glucose consumed. Results
are expressed as micromoles of carbon dioxide evolved per
hour per milligram of cell protein (12).
Enzyme analyses. Activities of glycolytic and alcoholo-

genic enzymes were determined in 2-ml samples removed at
various times during batch fermentation. Cells were har-
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FIG. 1. Alcohol production by strain KD2 during batch fermen-
tation with 20% glucose and 0.5 mM magnesium sulfate.

vested by centrifugation at 10,000 x g for 30 s at 4°C and
washed in an equal volume of 50 mM potassium phosphate
buffer (pH 7.4). All subsequent steps were carried out at 4°C.
The pellet was suspended in the same buffer containing 2
mM mercaptoethanol and 2 mM EDTA and disrupted with
0.1-mm glass beads using a Mini-Bead Beater (Biospec
Products, Bartlesville, Okla.; five periods of disruption, 1
min each, with cooling on ice between treatments). Cell
debris was removed by centrifugation at 10,000 x g for 5
min, and the supernatant was assayed immediately for
enzymatic activities. Only two enzymes at a time were

assayed in each batch fermentation experiment to avoid
potential problems which could result from storage of cells
or extracts.

Pyruvate decarboxylase and all glycolytic enzymes were

assayed spectrophotometrically by the methods of Maitra
and Lobo (21) as modified by Clifton et al. (9). All enzymes
were assayed under substrate-saturating conditions except
triose phosphate isomerase, which was assayed with 1 mM
substrate. The amounts of coupling enzymes were adjusted
as needed to ensure a linear reaction rate. Alcohol dehydro-
genase was assayed by measuring the oxidation of ethanol as

described by Maitra and Lobo (21) but using a buffer at pH
8.7 containing 75 mM sodium pyrophosphate, 75 mM
semicarbazide hydrochloride, and 21 mM glycine (3).

Determination of internal pH and membrane energization.
The measurements of internal pH and At were performed
using 7-['4C]benzoic acid and [3H-phenyl]tetraphenyl
phosphonium bromide, respectively. Protocols were similar
to those described by Cartwright et al. (6) except that cells
were incubated in their native growth medium rather than
distilled water and 0.4-,um-pore-size polycarbonate filters
were used instead of mixed cellulose ester filters. Cell
volumes were determined as previously described (10).
These ranged from 2.23 ,il/mg of cell protein for cells
removed from the 12-h stage of batch fermentation to 0.86
[lI/mg of cell protein for cells removed from the 48-h stage.
As a control for adventitious binding of radioactive com-

pounds, cells were permeabilized with a combination of
ethanol, toluene, and Triton X-100 as described by Salmon
(25), washed with 50 mM phosphate buffer, resuspended in
native broth, and processed. This treatment resulted in a

complete collapse of ApH and loss of membrane potential.
Calculations were performed as described by Rottenberg
(24).

Materials. Yeast extract, peptone, and agar were obtained
from Difco Laboratories, Detroit, Mich. Glucose, coupling
enzymes, coenzymes, and substrates were purchased from
Sigma Chemical Co., St. Louis, Mo. Inorganic salts were
obtained from Fisher Scientific Co., Orlando, Fla. Absolute
ethanol was supplied by AAPER Alcohol and Chemical Co.,
Shelbyville, Ky. Radioactive compounds were purchased
from New England Nuclear Corp., Boston, Mass.

RESULTS

Reversibility of the decline in fermentative activity. Figure 1
shows a representative batch fermentation with 20% glucose
beginning with a low inoculum. Growth as measured by cell
protein was exponential for the first 12 h and became
stationary between 18 and 24 h. During these growth peri-
ods, relatively low concentrations of ethanol had accumu-
lated (<5% [vol/vol]), well below the minimum inhibitory
concentration of added ethanol for growth (8% [vol/vol]).
Ethanol production proceeded exponentially for the initial 12
h (1% [vol/vol] accumulated ethanol).

Cells were removed at various times during batch fermen-
tation, and the rate of ethanol production per milligram of
cell protein was determined (Fig. 2). Cells were most active
at the earliest times measured, 12 h, and declined by 50%
after 24 h (6.5% [vol/vol] accumulated ethanol). Approxi-
mately 40% of the fermentative activity remained after the
accumulation of 10% (vol/vol) ethanol (30 g of remaining
glucose per liter). The abrupt, final decline in activity reflects
the near-complete exhaustion of glucose, the substrate.
Removal of ethanol from cells by washing and suspending in
fresh mcdium resulted in only a modest increase in fermen-
tative activity in all but the highest level of accumulated
ethanol. The apparent increase in activity in the cells which
had accumulated 12.1% (vol/vol) ethanol was primarily due
to the restoration of fermentable substrate glucose.
Loss of viability was examined as a possible cause for the

failure of washing to restore full fermentative activity (data
not shown). Cell number paralleled the increase in cell
protein (Fig. 1) and increased exponentially for the initial 12
h, reaching a maximum of 3 x 108 cells per ml after 18 h. Cell
number remained constant for the remaining period of fer-
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FIG. 2. Changes in fermentative activity of cells during batch

fermentation. Fermentative activity is expressed as micromoles of
carbon dioxide evolved per hour per milligram of cell protein.
Symbols: 0, activity measured in native broth; 0, activity measured
after cells were suspended in fresh medium containing 20% glucose.
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FIG. 3. Effects of ethanol exposure on the fermentative activities of 12- and 24-h cells. Fermentative activity is expressed as micromoles
of evolved carbon dioxide per hour per milligram of cell protein. Cells were harvested after 12 h (A) or 24 h (B) and suspended in fresh medium
containing variotis concentrations of ethanol, and their fermentative activity was measured after 10 min at 300C. A parallel set of samples was
exposed to ethanol for 10 min, harvested by centrifugation, washed once, and suspended in fresh medium lacking ethanol. Bars denote a
representative standard deviation for an average of three determinations. Symbols: 0, cells in the presence of added ethanol; 0, cells exposed
to ethanol and suspended in fresh medium.

mentation, with 90% viability after 48 h as measured by the
exclusion of methylene blue dye (12).

In a control experiment, we investigated the inhibition of
ethanol production by added ethanol and its reversibility
after washing (Fig. 3). Cells were harvested and suspended
in fresh medium containing various concentrations of
ethanol. Cells from the 12-h period (Fig. 3A) were more
active and more sensitive to inhibition by added ethanol than
cells from the 24-h period (Fig. 3B). Ethanol caused a
progressive, dose-dependent inhibition of fermentation in
both, with 12-h cells being more sensitive. Inhibition by
ethanol was immediate and appeared complete within the
first 10 min. No further decline in activity was observed
during a subsequent 2 h of incubation (30°C) with 10% added
ethanol (data not shown). The concentrations of ethanol
required to inhibit 50% of fermentative activity were 6.5 and
9% (vol/vol), respectively, for 12- and 24-h cells.
The inhibition of fermentation caused by exposure to

TABLE 1. Specific activities of glycolytic enzymes at the peak of
fermentative activity (12 h) and after a 50% decline (24 h)

Sp act (pLmol/min per mg of
Enzyme protein) (SD)"

12-h cells 24-h cells

Glycolytic flux (hexose)b 1.0 0.5
Hexokinase 0.84 (0.05) 1.1 (0.1)
Phosphoglucose isomerase 4.2 (0.6) 3.3 (0.1)
Phosphofructokinase 0.64 (0.03) 0.53 (0.05)
Fructose diphosphate 1.4 (0.1) 1.2 (0.1)

aldolase
Glycolytic flux (triose)b 2.0 1.0
Triose phosphate isomerase 110 (2) 97 (2)
Glyceraldehyde-3-phosphate 16 (1) 18 (1)
dehydrogenase

Phosphoglycerate kinase 11 (1) 12 (1)
Phosphoglycerate mutase 6.2 (0.5) 9.0 (0.8)
Enolase 3.0 (0.2) 3.2 (0.4)
Pyruvate kinase 10 (3) 8.4 (1.4)
Pyruvate decarboxylase 1.1 (0.2) 0.92 (0.04)
Alcohol dehydrogenase 4.8 (0.4) 3.8 (0.4)

a Cells were removed from batch fermentations after 12 and 24 h. Standard
deviations are based upon determinations from three separate batch fermen-
tations.

b Glycolytic flux for hexose and triose intermediates was estimated from
measurements of fermentation rate.

concentrations of ethanol above 5% (vol/vol) for 10 min was
only partially reversed by resuspension in fresh medium
lacking ethanol (Fig. 3), indicating that exposure to ethanol
damaged the cells in some way. Again, 12-h cells appeared
more sensitive to ethanol damage than 24-h cells. Longer
incubation periods with 10% ethanol before washing resulted
in further loss of activity, with only 40% of the original
activity remaining after 2 h.
Changes in the levels of glycolytic and alcohologenic en-

zymes during batch fermentation. The specific activities of
the enzymes involved in alcohol production (under substrate
saturating conditions) are listed in Table 1 for cells harvested
after 12 h (the most active stage of fermentation) and 24 h
(50% maximal activity). For comparison, the rates of
glycolytic flux for hexose and triose intermediates have been
included (based on rates of carbon dioxide evolution). The
activities of all but three of these are clearly in excess of that
required to support the measured rates of glycolytic flux.
The exceptions were hexokinase at 12 h and phosphofructo-
kinase and pyruvate decarboxylase at both 12 and 24 h.
However, the true in vivo activities must be sufficient to
support the measured rates of carbon dioxide evolution
except for a small contribution from anabolic processes.

It is of interest to compare the relative activities of each
enzyme at these two times. After 24 h, glycolytic flux had
declined by approximately half while the specific activities of
six enzymes remained unchanged, four had declined by
approximately 20%, and two had increased. Figure 4A
illustrates the changes in the specific activities of these
enzymes throughout batch fermentation, relative to that of
12-h cells (100%). An analogous plot of fermentation rate is
included for comparison. None of the specific activities
declined dramatically during batch fermentation. At times
beyond 12 h, with the exceptions noted above, all enzymes
were in excess of the measured fermentation rates.
Phosphofructokinase declined to the greatest extent with a
20% drop in activity after 48 h. The specific activities of
three enzymes increased by more than 20%: phosphogluco-
mutase (100% increase), hexokinase (50% increase; not
shown), and enolase (50% increase; not shown). All other
enzymes exhibited a similar increase of up to 20%.

Figure 4B illustrates the changes in the amounts of these
enzymes present per milliliter of broth relative to that at 12
h. Analogous plots of soluble cell protein and fermentative
activity per milliliter are included for comparison. The peak
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FIG. 4. Changes in the levels of glycolytic and alcohologenic enzymes during batch fermentation with 20% glucose. Cells were removeo
from various stages of fermentation and disrupted, and the activities of individual enzymes were determined under substrate-saturating
conditions. Values are expressed relative to 12-h cells, the time at which the highest activity per milligram of cell protein was observed. Bars
denote a representative standard deviation for an average of three determinations. (A) Changes in the specific activities of representative
enzymes. (B) Changes in the activities per milliliter of culture of representative enzymes. For comparison, analogous plots of the changes in
fermentation rate (A and B) and the changes in the amount of soluble cell protein (B only) have been included. Symbols: A,
phosphoglucomutase; r, glyceraldehyde-3-phosphate dehydrogenase; *, triose phosphate isomerase; 0, phosphofructokinase; *,
glycolysis; *, soluble cell protein.

of fermentative activity on a volumetric basis occurred after
18 h. Although the rate of fermentation declined beyond 18
h, the activities of all of the glycolytic enzymes continued to
increase until 30 h, the peak of soluble proteins. These
increases in activities roughly paralleled the increases in
soluble proteins. The activities of phosphoglucomutase,
enolase (not shown), hexokinase (not shown), and glyceral-
dehyde-3-phosphate dehydrogenase increased more rapidly
than soluble cell protein, consistent with the observed in-
creases in specific activities of these enzymes during fermen-
tation. With the exception of phosphoglucomutase, which
declined more rapidly, the rates of decline of the glycolytic
enzyme activities per milliliter paralleled that of the bulk
soluble cell proteins, indicating neither a preferential reten-
tion nor degradation of these central catabolic activities.
Changes in internal pH and membrane energization during

batch fermentation. Although ethanol is the principal, re-
duced fermentation product from the metabolism of glucose
by S. cerevisiae, organic acids are also produced which
lower the external pH of the fermentation broth to pH 3.5
(Fig. SA). Since the pH optima for glycolytic enzymes are
near neutrality or above (9), the failure of S. cerevisiae to
maintain a large ApH during the accumulation of ethanol
could explain the rapid decline in the fermentative activities
of cells despite the abundance of glycolytic and
alcohologenic enzymes. However, this does not appear to be
the case. The ApH of yeast cells increases coincident with
the decrease in the external pH, maintaining a relatively
constant internal pH of between 6.7 and 7.0 throughout

batch fermentation (Fig. SA). Similarly, At also increased
during batch fermentation, resulting in an overall increase in
proton motive force (Fig. SB).
These results were somewhat surprising since previous

workers have shown that ethanol increases the permeability
of yeast suspended in water to hydrogen ions (6). To further
examine this point, we determined the effect of added
ethanol on the internal pH of cells from various stages of
fermentation (Fig. 6). Ethanol concentrations of 15%
(vol/vol) or above were required to cause a measurable
decline in internal pH. The addition of 20% (vol/vol) ethanol
to 12- and 24-h cells caused a complete collapse of ApH. The
ApH of cells from 36- and 48-h cultures was considerably
more resistant to 20% (vol/vol) added ethanol, consistent
with an adaptation of older cells.

DISCUSSION
The fermentation of glucose to ethanol represents a series

of coordinated enzymatic reactions. This process is inter-
nally balancing and thermodynamically favorable provided
that cellular enzymes consume the net ATP generated from
substrate-level phosphorylation. The requirements for this
process include glucose, functional enzymes, coenzymes
(NAD+, thiamine pyrophosphate, ADP, ATP), cofactors
(Mg2+, Zn2+), appropriate internal pH, a functional mem-
brane to maintain the concentration of reactants and en-
zymes, and a glucose uptake system. Indeed, fermentation
can proceed well in concentrated preparations of disrupted
cells (14, 27).
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Why then does the rate of glycolysis in viable yeast cells
decline during batch fermentation? Two nutritional factors
have been identified previously which reduced but did not
eliminate the ethanol-associated decline in activity (7, 11,
12). Our results with added and accumulated ethanol indi-
cate that physiological changes such as ethanol damage,
rather than an immediately reversible effect of ethanol,
appear responsible. Added ethanol inhibited fermentation,
but washing did not restore full activity. Similarly, the
replacement of ethanol-containing broth from the middle to
later stages of fermentation with fresh medium did not
immediately restore fermentative activity. The exposure of
cells to ethanol in some way damaged their ability to produce
ethanol. The extent of this damage appears related to both
ethanol concentration and the duration of exposure.

We have examined cell viability, internal pH, and individ-
ual enzymes involved in glycolysis and alcohologenesis as

sites for changes (including ethanol damage) which could be
responsible for the loss of ethanol productivity during batch
fermentation. No appreciable loss of cell viability was ob-
served during 48-h batch fermentations. The activities of
glycolytic and alcohologenic enzymes measured in vitro
remained high and did not appear limiting, consistent with
earlier reports of the persistence of hexokinase and alcohol
dehydrogenase activity (16). The specific activities of many
of these continued to increase even after increases in total
cell protein had ended, suggesting that they may be prefer-
entially synthesized. Only a modest loss of total activity (per
milliliter) was observed during the latter stages of fermenta-
tion, consistent with a low rate of turnover of these en-

zymes.
The internal pH of the cell was maintained near neutrality

despite acidification of the broth and the accumulation of
over 12% ethanol. This latter observation was contrary to

expectation based upon earlier studies with cells suspended
in water (6). These earlier studies had demonstrated that
ethanol enhanced the leakage of protons (6), with an acidi-
fication of the cytoplasm below the optimal pH for glycolytic
and alcohologenic enzymes. Although such enhanced leak-

age may also occur in fermentation broth, the maintenance
of a high internal pH in broth containing ethanol indicates

that such leakage must be offset by the action of hydrogen

ion pumps such as ATPase.
Cells from the later stages of fermentation were more

resistant to inhibition by ethanol and to the disruptive effects
of ethanol on membrane integrity (as measured by proton

leakage). During batch fermentation, cells may be undergo-

ing progressive adaptations to accumulated ethanol.
Changes in the lipid composition of yeast cell membranes
have been observed in response to accumulated ethanol and
have been proposed as an important factor involved in such
adaptation (2, 7, 15).
The results of our investigations do not identify the cause

for the decline in fermentative activity during batch fermen-
tation but rather narrow the range of remaining factors.
Although the activities of glycolytic and alcohologenic en-
zymes assayed in vitro under substrate-saturating conditions
remained high during batch fermentation, the in vivo activ-
ities of these enzymes within the cell cannot be accurately
predicted. The activities of some of these are subject to
modulation by allosteric effectors in addition to constraints
imposed by the availability of individual substrates, cofac-
tors, and coenzymes. Further studies are now under way to
explore the levels of these low-molecular-weight intracellu-
lar constituents.
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